Introduction
Immunologic rejection and immunosuppressive regimen-related complications remain the major causes of morbidity and mortality in transplant recipients. This is most evident in the fields of heart and lung transplantation, where the highest rates of immunologic rejection and patient mortality are seen despite routine surveillance biopsies to monitor organ status (1) (2) (3) (4) . In kidney transplantation, monitoring allograft rejection by rise in serum creatinine does not specifically portray immunologic rejection (5) . In islet transplantation, where blood glucose monitoring remains the clinical standard, hyperglycemia typically heralds an advanced stage of rejection. Collectively, the current standards for monitoring transplant rejection reveal the critical need for more accurate, time-sensitive, and noninvasive biomarker platforms.
Several groups have reported on whole plasma/bodily fluid profiling of free nucleic acids and proteins as biomarker platforms for monitoring rejection, especially in the context of renal transplantation (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . But diagnostic accuracy remains a critical problem, as free nucleic acids and proteins are typically nonspecific and unstable in circulation, requiring a high steady state for reliable quantitation. Exosomes are extracellular vesicles released by many tissue types into bodily fluids, including blood, urine, and bronchoalveolar secretions. Exosomes represent stable and tissue-specific proteomic and RNA signature profiles that reflect the conditional state of their tissue of origin (8-10, 12, 17) . But similar to quantitative assays based on circulating free proteins and nucleic acids, whole plasma exosome analysis also introduces a high noise-to-signal ratio, as many tissue types contribute to the total plasma exosome pool. Therefore, quantitation and characterization of tissue-specific exosome profiles from bodily fluids would overcome this problem associated with whole plasma analysis, and would serve as a more accurate biomarker platform. In the context of transplantation, we hypothesized that transplanted tissue releases distinct, donor-specific exosomes into recipient plasma/bodily fluids, and its characterization would constitute a more accurate noninvasive biomarker platform for monitoring the conditional status of the transplanted organ. To quantify, purify, and characterize transplant exosomes and their intraexosomal proteomic and RNA cargoes, we took advantage of 2 concepts: (a) exosomes express surface MHC antigens identical to their tissue counterparts, and (b) donor-recipient MHC mismatch introduced by transplantation enables characterization of transplant tissue-specific exosomes from recipient bodily fluids.
In this report, we detail our investigation of transplant tissuespecific exosome purification and characterization in an animal model of islet xenotransplantation (human into mouse), and validate the biomarker potential of this platform in the clinical settings of islet and renal transplantation.
Results

Transplanted human islets release donor MHC-specific exosomes into recipient plasma. First, we confirmed that exosomes released by
In transplantation, there is a critical need for noninvasive biomarker platforms for monitoring immunologic rejection. We hypothesized that transplanted tissues release donor-specific exosomes into recipient circulation and that the quantitation and profiling of donor intra-exosomal cargoes may constitute a biomarker platform for monitoring rejection. Here, we have tested this hypothesis in a human-into-mouse xenogeneic islet transplant model and validated the concept in clinical settings of islet and renal transplantation. In the xenogeneic model, we quantified islet transplant exosomes in recipient blood over long-term follow-up using anti-HLA antibody, which was detectable only in xenoislet recipients of human islets. Transplant islet exosomes were purified using anti-HLA antibody-conjugated beads, and their cargoes contained the islet endocrine hormone markers insulin, glucagon, and somatostatin. Rejection led to a marked decrease in transplant islet exosome signal along with distinct changes in exosomal microRNA and proteomic profiles prior to appearance of hyperglycemia. In the clinical settings of islet and renal transplantation, donor exosomes with respective tissue specificity for islet β cells and renal epithelial cells were reliably characterized in recipient plasma over follow-up periods of up to 5 years. Collectively, these findings demonstrate the biomarker potential of transplant exosome characterization for providing a noninvasive window into the conditional state of transplant tissue.
Tissue-specific exosome biomarkers for noninvasively monitoring immunologic rejection of transplanted tissue Prashanth Vallabhajosyula, 1 Laxminarayana Korutla, 1 Andreas Habertheuer, 1 Ming Yu, 1 Susan Rostami, 1 Chao-Xing Yuan, 2 Sanjana Reddy, 1 Chengyang Liu, 1 Varun Korutla, 1 Brigitte Koeberlein, 1 Jennifer Trofe-Clark, 1 Michael R. Rickels, 3, 4 and Ali Naji the HLA exosome signal was markedly reduced in the R-xeno samples ( Figure 1G ). Quantitation of HLA signal demonstrated significant loss of plasma transplant islet exosomes (P = 4 × 10 -15 ; Figure 1H ). Collectively, these data demonstrate that rejection leads to a quantifiable drop in transplant islet exosome signal that strongly correlated with the clinical picture of first-onset hyperglycemia and histologic evidence of islet rejection.
Plasma transplant islet exosome signal heralds acute rejection prior to detection of hyperglycemia. As the current standard for monitoring rejection in islet transplantation is based on glucose monitoring parameters, we further investigated the biomarker potential of the transplant exosome platform by performing a comparative analysis of the kinetics of the HLA exosome signal versus blood glucose monitoring during the evolution of rejection in the xenoislet model. In 2 independent experiments, donor sensitized leukocytes from syngeneic WT animals were infused into normoglycemic xenoislet recipients, and recipient plasma and islet graft were procured and analyzed at the following time points after leukocyte infusion (n = 8 animals per time point): days 0 (4 hours), 1, 2, 3, 5, and 7. Whereas the fasting blood glucose remained normal during the first 6 days after infusion of donor sensitized leukocytes, the HLA exosome signal significantly decreased by day 1 (Figure 2A ; P = 7.4 × 10 -7
), compared with the signal from day 0, xenoislet, and placebo-infused time point control recipients. Further, over the next 5 days of the follow-up, the HLA exosome signal continued to decrease (Figure 2A and Supplemental Figure 1 ), whereas the total plasma exosome quantity was unchanged (P = 0.62 by 1-way ANOVA; data not shown). The HLA exosome signal change was significantly different between the time points tested, and suggested a pattern of exponential decay in HLA exosome quantity (Figure 2A ). In the xenoislet animals receiving placebo infusion, there was no difference in the HLA exosome signal between time points (P = 0.588 by 1-way ANOVA). We also performed daily i.p. glucose tolerance tests on all animals and measured recipient plasma human-specific C-peptide levels for the time points tested to compare with the HLA exosome signal. Glucose tolerance tests remained normal through day 5, and showed only mild impairment in glucose disposal on day 6 ( Figure 2B ), 1 day before the fasting blood glucose became elevated. Stimulated human C-peptide levels also remained within the normal range through day 5 (Supplemental Figure 1) .
Given the significant drop in HLA exosome signal by the day 1 time point, we generated a receiver operating characteristic curve to understand its diagnostic potential to discriminate between in vitro-cultured human islets into supernatant medium express human-specific MHC class I (HLA) antigens on their surface that are not detected on mouse plasma exosomes (Supplemental Figure  1 ; supplemental material available online with this article; https:// doi.org/10.1172/JCI87993DS1). We proposed that in the islet transplantation setting, islets would release HLA-specific exosomes into the recipient circulation compared with exosomes released by all other recipient tissues. To test our hypothesis, we used a xenogeneic islet transplantation model, where islets isolated from human pancreas are transplanted into athymic, diabetic nude mice ( Figure 1A ). Recipient animals were monitored for normoglycemia (Supplemental Figure 1) , and their plasma exosomes were analyzed on the NanoSight nanoparticle detector fluorescence mode for HLA-positive exosomes (range 14-150 days; n = 25). In all experiments, we confirmed that the majority of plasma extracellular microvesicles isolated using the methodology described were exosomes (Supplemental Figure 1 and ref. 18). At all tested time points, HLA-specific exosome signal (anti-HLA-A quantum dot) was detected in the xenoislet recipients, but this signal was undetectable in naive (nontransplanted) mouse plasma exosomes (n = 10, 1.6 × 10 -14 ) ( Figure 1B and Supplemental Videos 1 and 2). HLA signal was also seen using antibody against another donor islet MHC marker, HLA-C ( Figure 1C ). Please refer to the Methods section for NanoSight exosome analysis shown for each panel. Further, Western blot analysis confirmed the NanoSight findings, as the xenoislet plasma exosomes showed the presence of HLA ( Figure 1D ). Next, we examined the specificity of the islet exosome HLA signal by performing transplant islet graftectomy (n = 6). This led to recurrence of severe hyperglycemia in the recipients, and on NanoSight fluorescence, there was complete loss of the donor HLA signal (P = 1.4 × 10 -6
; Figure 1E ). Taken together, these data demonstrate that transplanted human islets release donor HLA-specific exosomes into recipient plasma that can be tracked over long-term follow-up, and this signal is specific to the transplanted human islet mass.
Given this, we then induced xenograft rejection in the recipients by inoculation with syngeneic leukocytes (n = 15; Supplemental Figure 1 ). Recipients induced to reject the human islets are labeled as R-xeno in figures. Animals were sacrificed on the first day that the plasma glucose increased to more than 200 mg/dl. Control recipients were injected with PBS and sacrificed 15 days later (n = 15; labeled as normoglycemic N-xeno in figures). On NanoSight, there were no quantitative differences in the total plasma exosome numbers between the 2 groups ( Figure 1F ), but Figure 1 . Transplanted human islets release donor-specific exosomes into recipient circulation. (A) Xenoislet transplantation model. Athymic mice were rendered diabetic and transplanted with human islets (2,000 islet equivalents) under the kidney capsule. Normoglycemia was monitored and recipients (n = 25) were sacrificed at various time points (days 14-150) for plasma exosome analysis. (B and C) Recipient plasma total exosome pool was analyzed on NanoSight nanoparticle detector on light scatter and fluorescence modes for donor islet-specific MHC signal using anti-HLA-A (n = 25) (B) and anti-HLA-C (n = 10) (C) quantum dot. All xenoislet samples (n = 25) showed donor HLA exosome signal compared with naive mouse (n = 25) and IgG isotype controls (P= 1.6 × 10 -14 ). Representative samples from xenoislet post-transplant days 14 and 96 are shown. (D) Western blot analysis of total plasma exosomes showed HLA-A signal in xenoislet sample, but not naive mouse sample (1 of 4 shown). Positive controls included exosomes from human islet culture supernatant and human plasma. (E) NanoSight analysis of recipient plasma exosomes from day 14 after islet graftectomy for anti-HLA-A quantum dot was negative for TISEs (P = 1.4 × 10 Figure 2 . Transplant islet exosome profiles herald early acute rejection. (A) Kinetics of HLA exosome signal in xenoislet recipients during evolution of acute rejection is shown in scatter plot. Donor-sensitized syngeneic leukocytes were infused to induce rejection, and HLA exosome signal (red, y axis) was profiled at the following days: 0 (4 hours), 1, 2, 3, 5, and 7 (n = 8 animals per time point). The signal significantly decreased from day 0 to 1 (*P = 7.4 × 10 -7 ), day 1 to 2 (**P = 0.045), day 2 to 5 (***P = 0.0008), and day 3 to 7 (****P = 1.7 × 10 -6 ). Mean fasting blood glucose only increased on day 7 (blue line, secondary y axis). HLA exosome signal after placebo infusion (black; days 0-3) was similar between time points (n = 8 per time point, P = 0.588). Controls included athymic mouse, C57BL/6, and xenoislet (n = 8 for each). Summarized data (mean ± SD) from 2 independent experiments are shown. in the HLA-A-bound exosomes as an indicator that we were purifying human islet β cell-specific exosomes. On NanoSight fluorescence, HLA-A-enriched xenoislet and human islet culture supernatant exosome samples were highly positive for coexpression of FXYD2, but not human plasma and naive mouse plasma samples ( Figure 3B and Supplemental Videos 3 and 4). Naive human plasma HLA-A-bound exosomes were analyzed to confirm that FXYD2 coexpression was specific to the human islet exosomes, not all HLA-A-expressing human-derived exosomes. Next, given the mounting evidence for functional roles of exosomes, we tested whether TISEs carried islet endocrine hormones as part of their cargo. Xenoislet recipient and human islet culture supernatant samples showed expression of insulin, glucagon, and somatostatin on Western blot ( Figure 3C ). Western blot also showed expression of FXYD2 only in the xenoislet and islet supernatant fractions ( Figure 3C ), validating the NanoSight findings ( Figure 3B ). Further, reverse transcriptase PCR (RT-PCR) showed islet endocrine hormone mRNAs and FXYD2 mRNA in the xenoislet and human islet culture supernatant samples, but not in naive mouse plasma sample ( Figure 3D ). To confirm that these findings were not falsely positive due to HLA-A antibody beads nonspecifically binding plasma free forms of islet endocrine hormones, we tested the plasma of normal human subjects (n = 5) and noted absence of islet endocrine hormones on Western blot and RT-PCR analyses ( Figure  3 , C and D; P = 0.007). Collectively, these data demonstrated that we were enriching bona fide transplant islet exosomes that express islet-specific surface markers, and carry islet endocrine hormones as part of their intra-exosomal cargo. Transplant tissue-specific exosomes can be purified from recipient plasma.
Immune rejection leads to a decrease in endocrine hormone signatures in islet exosomes. Having demonstrated quantitative changes in TISEs with islet graftectomy and immune rejection, we studied whether these conditions accordingly lead to changes in their endocrine hormone expression. On NanoSight fluorescence, HLA-A-bound fraction from islet graftectomy plasma samples did not show FXYD2 coexpression ( Figure 3E ); and on Western blot FXYD2 and insulin were undetectable ( Figure 3F ). Therefore, the expression of islet endocrine hormones was transplant tissue specific. Given this, we assessed for TISE expression of islet endocrine hormones under conditions of immune rejection (R-xeno). On NanoSight fluorescence, R-xeno samples showed decreased coexpression of FXYD2 ( Figure 3G ). On Western blot and RT-PCR, a very faint signal for insulin and FXYD2 was detected in comparison with the N-xeno sample ( Figure 3 , H and I). Collectively, these data indicate that immune rejection leads to decreased detection of islet endocrine cell markers in the HLA-A-bound exosome fraction.
Islet exosomes express distinct protein and RNA signatures compared with the transplanted islets. We assessed an in vivo readout of TISE cargo as compared with its transplanted human islet tissue counterpart. Transplant islet exosomes from 2 independent experiments were analyzed on mass spectrometry for proteomic profiling ( Figure 4A ). A majority of proteins were commonly expressed in both samples ( Figure 4A ). Detailed results of mass spectrometry from 1 experiment are shown in Supplemental Table 1 . Next, long and small RNA microarray profiling of islet exosomes and islet graft tissue was performed. TISEs were rich in small RNAs (<30 nucleotides), with minimal ribosomal RNA, unlike the transplanted although the HLA exosome signal was already significantly lower by this time point. By day 5, progressive T cell infiltration with islet destruction was evident on histology, when fasting glucose, glucose tolerance test, and human C-peptide were still within the normal range. These findings support that, unlike glucose monitoring, the decay in plasma HLA exosome signal correlates with early changes in the acute rejection process, when there is minimal T cell infiltrate without islet destruction. Collectively, these data demonstrate that in the xenoislet model, transplant islet exosome profiling is a more accurate and time-sensitive noninvasive biomarker of acute rejection than current standards such as fasting glucose, glucose tolerance test, and human C-peptide analysis.
Next, we hypothesized that acute rejection of islets would also lead to sustained elevation in recipient plasma T cell exosome signal, as stimulated xenoreactive T cells would release a steady pool of exosomes into the plasma. A combined analysis of donor MHC-specific exosome signal and recipient T cell exosome characterization may further increase the accuracy of the proposed biomarker platform. T cell exosome signal was quantified using anti-CD3 antibody. Compared with naive WT strain-matched (Nu/J), third-party C57BL/6, and xenoislet controls, acute rejection animals from day 0 showed a quantifiable CD3 exosome signal in the recipient plasma, which remained elevated during the entire rejection process ( Figure 2E ). Taken together, this suggests that a combined plasma tissue-specific exosome profiling (donor HLA, recipient T cell and B cell) may provide a time-sensitive noninvasive window into the rejection-specific interactions between the transplant tissue and the recipient immune system. Donor-recipient MHC mismatch enables purification of human islet cell-specific exosomes from recipient plasma. Next we sought to determine whether rejection would cause distinct changes in the intra-exosomal proteomic and RNA cargoes of transplant islet exosomes and, if so, whether its characterization would further improve the diagnostic accuracy of the platform. To purify transplant islet-specific exosomes (TISEs), we used anti-HLA-A-specific affinity antibody beads to obtain an HLA-A-bound fraction (representing TISEs) and an HLA-A-unbound fraction (representing recipient mouse tissue exosomes) (Supplemental Figure 2) . First, to validate that the antibody beads were binding intact TISEs and not freely circulating plasma protein aggregates, we performed transmission electron microscopy of eluted HLA-A-bound exosomes. Distinct, intact exosomes (40-to-100-nm range) were noted on electron microscopy ( Figure 3A) . Next, to validate optimal capture of TISEs, we confirmed that the HLA-A-unbound fraction in the xenoislet sample was negative for HLA-A surface expression on NanoSight fluorescence and on Western blot (Supplemental Figure  2) . We also confirmed that there was not a major contribution from donor passenger leukocytes into the HLA-A-bound exosome fraction (Supplemental Figure 2) . Taken together, this suggested that the majority of donor exosomes were human islet cell derived.
Given this, we assessed whether HLA-A-bound exosomes coexpress surface markers specific for islet endocrine cellular constituents. This would also validate that the antibody beads were binding intact exosomes. The transmembrane protein ion channel regulator FXYD2 isoforms γa and γb is reported to be an islet β cell-specific surface marker compared with exocrine pancreas (19) (20) (21) (22) . Therefore, we assessed for FXYD2 surface coexpression Figure 4B ). Microarray for long RNA further validated mRNA expression of insulin, glucagon, somatostatin, and FXYD2 ( Figure 4C ). Although the highest-expressing long RNAs between the 2 samples were similar, small RNA profiles showed distinct enrichment of microRNAs in TISEs. The 25 highest-expressing microRNAs in TISEs and their relative levels in islet graft and vice versa are shown in Table 1 . Only 4 microRNAs were commonly expressed at the highest level in both groups: miR-191-5p, miR-23a-3p, miR-16-5p, and miR-24-3p. Also, the 25 highest upregulated microRNAs in TISEs compared with islet graft (highest enrichment) and vice versa are shown in Table 2 . In this comparison, miR-375, a highly expressed β cell-specific microRNA (23, 24) , was 3,285-fold enriched in islet graft. miR-122-5p, reported to be liver specific (25) (26) (27) (28) (29) (30) , was 1,060-fold enriched in TISEs. Taken together, these data demonstrate that anti-donor HLA-specific exosome purification from recipient plasma enables detailed characterization of the proteomic and RNA signatures of transplant islet exosomes. Rejection leads to distinct changes in TISE cargo. Having demonstrated a significant drop in TISE numbers with rejection, we assessed whether this leads to changes in TISE proteomic and RNA profiles (N-xeno versus R-xeno). Proteomic profiles from 3 independent R-xeno experiments were compared with the 2 N-xeno samples to look for consistent differences between rejection and normal conditions. We selected proteins that were either absent or expressed at very low levels in the 2 N-xeno samples compared with the 3 R-xeno samples, and vice versa. We confirmed that the Tables 2-5 . In all recipients, donor islet exosomes were undetectable before transplant, but quantifiable at every tested post-transplant time point (P = 0.0001). NanoSight panels for the donor islet exosome signals for patients A to D are shown in Supplemental Figure 3 . Graphical presentation of donor HLA class I-specific exosome signal and recipient plasma C-peptide-to-glucose ratio over long-term follow-up is shown in Figure 6 , A-D. In 3 patients (B-D), the donor HLA exosome signal remained stable over follow-up, but in patient A, a drop in the signal to less than 0.35 was noted in the sample available from the day 1,001 time point when the C-peptide-to-glucose ratio was still normal. At the same time this patient demonstrated a significant rise of de novo autoantibody against the β cell-specific antigen glutamic acid decarboxylase 65 (GAD65) ( Figure 6E ); and by day 1,197 the recipient had onset of hyperglycemia without evidence of alloantibody formation (31), supporting recurrence of autoimmune diabetes in this subject (Supplemental Table 2 ). Thus, in patient A the decrease in transplant islet exosome signal temporally correlated with the recurrence of islet autoimmunity, which preceded the clinical onset of hyperglycemia. Taken together, these findings demonstrate that transplant islet exosomes can be reliably quantified over long-term follow-up in patients undergoing islet allotransplantation, and donor HLA exosome signal changes may reflect early injury/loss of islet mass.
Next we tested whether TISE cargoes can be purified and characterized in the clinical setting. Representative results from patient E are shown (1 of 5) (Figure 7 ). This patient experienced loss of β cell function due to accelerated acute rejection in the peritransplant period ( Figure 7A ). First, we confirmed that all tested plasma samples were enriched in exosomes ( Figure 7B ). Next, using donorspecific HLA-A2 antibody we confirmed that transplant islet exosomes were detectable after transplant, but not before transplant ( Figure 7C ). Transplant islet exosomes were highly positive for coexpression of FXYD2 ( Figure 7D ) and showed expression of insulin, glucagon, somatostatin, and FXYD2 proteins in posttransplant day 2 plasma sample ( Figure 7E ), correlating with correction of hyperglycemia in the patient ( Figure 7A ). RNA cargo analysis showed expression of insulin, glucagon, somatostatin, and FXYD2, which was undetectable in the pretransplant sample ( Figure 7F ). Plasma analysis for donor exosomes was negative for HLA-A2 sigidentified proteins were human derived, not mouse derived, by comparing all peptide matches for a given protein on NCBI Protein BLAST against human and mouse forms of the protein of interest. We also searched ExoCarta (www.exocarta.org) and confirmed that the proteins of interest have been reported by other groups to be expressed in exosomes. Subsequently, 4 human proteins showed consistent expression differences between normal and rejection conditions: heat shock cognate protein 70 (HSC70), angiopoietin-1, hemopexin, and complement C3 ( Figure 5, A-D) .
Next, we attempted small RNA profiling of R-xeno samples, but because of the low TISE levels from a single sample we had to pool transplant islet exosomes from 5 animals for microarray analysis. We compared microRNAs from R-xeno sample that showed at least 2-fold or greater expression over the median value. The list of microRNAs differentially upregulated with immune rejection is shown in Table 3 . Collectively, these data demonstrate that immune rejection alters the proteomic and RNA cargoes of TISEs, and these immune rejection-specific changes attest to the biomarker potential of this noninvasive platform.
Clinical islet allotransplantation. Given validation of the concept in an animal model, we sought to determine whether transplant islet donor islet exosomes coexpress islet surface markers and their cargoes are specific to the cellular constituents of the transplanted islets.
Transplant tissue-specific exosomes can be characterized in clinical renal transplantation.
To test whether our proposed concept can be used to study other transplant tissue types and whether transplant tissue exosomes can be profiled from other bodily fluids, we assessed for donor kidney-specific exosomes in the plasma and urine samples of patients undergoing living-donor renal transplantation (n = 5). Representative results from a single donor-recipient pair are shown (donor: HLA-A2, HLA-B27; recipient: HLA-A29, HLA-A31, HLA-B44). On NanoSight fluorescence, post-transplant recipient plasma samples showed donor kidney-specific HLA-A2-and HLA-B27-positive exosomes (Supplemental Figure 4) . Western blot analysis of post-transplant plasma HLA-A2-bound exosomes confirmed expression of the renal epithelial protein aquaporin 2 (Supplemental Figure 4) . These findings were also validated in recipient urine exosomes, where post-transplant urine sample showed donor HLA-A2 exosomes on NanoSight fluorescence (Supplemental Figure 4) , and anti-HLA-A2 antibody bead-bound urinary exosomes from post-transplant days 4 and 30 showed presence of the renal glomerular protein podocalyxin-1 (Supplemental Figure 4) .
In the field of kidney transplantation, studies have shown elevated T cell RNA signatures in recipient urinary cell pellet as a marker for acute rejection (32) (33) (34) (35) (36) . Therefore, we assessed the feasibility of characterizing (CD3-positive) T cell-specific exosomes from recipient urine, which may also serve as a marker of rejection. First, we noted that CD3-positive exosomes could be detected among recipient urine HLA-A2-unbound exosomes in the post-transplant samples but not the pretransplant sample (Supplemental Figure 4) . Using anti-CD3 antibody-conjugated beads we purified a T cell exosome subset, and validated that it was highly positive for surface coexpression of Th cell (CD4) and cytotoxic T cell (CD8) markers (Supplemental Figure 4) . Further, HLA-A2-unbound, CD3-unbound urine exosomes were positive for the B cell surface marker CD19 (Supplemental Figure 4) . Taken together these findings support the concept that donor tissue-specific and T and B cell-specific exosome characterization can be performed with other transplantation tissue types, and from other bodily fluids in continuity with the transplanted organ.
Discussion
Exosomes have not been as extensively studied in the field of transplantation. We investigated the diagnostic potential of transplant tissue-specific exosome characterization as a noninvasive biomarker to monitor rejection. To our knowledge this is one of the first demonstrations that (a) transplant tissue releases donor HLAspecific exosomes into recipient circulation, (b) transplant exosomes can be quantified and profiled noninvasively and tracked over long-term follow-up, (c) immunologic rejection leads to distinct changes in the exosome signal quantity in a time-specific manner, and (d) RNA and proteomic signatures of transplant exosomes are also tissue specific, and change as a result of rejection. For these reasons, we believe that transplant exosome profiles can serve as a liquid biopsy of the conditional status of the transplant tissue, and this investigation is the first step in validation of this concept.
Our study demonstrates that transplant exosome profiling has potential to markedly improve diagnostic accuracy compared nal at all tested postrejection time points on NanoSight fluorescence ( Figure 7G ), and this was also validated on Western blot ( Figure 7H ).
Taken together, these findings demonstrate that in clinical islet transplantation, donor islet exosome quantitation and characterization can be successfully performed from recipient plasma using donor HLA-specific antibodies. Similarly to the xenoislet model, Small RNA profiling data from TISEs enriched from R-xeno sample versus N-xeno sample were compared. MicroRNAs with more than 2-fold expression over median value from R-xeno sample were compared with their relative expression in N-xeno sample, and those with at least 1.5-fold higher relative expression in R-xeno TISEs are shown as fold enrichment. Expression in each sample normalized to the internal median value is shown, along with the relative expression for that microRNA in R-xeno (TISE R-xeno/TISE N-xeno). the transplant exosome cargoes may be associated with different types of injury, such as acute cellular versus antibody-mediated rejection, or transplant organ infection. In the clinical setting, we noted a time-sensitive change in transplant islet exosome signal in the subject who developed autoimmune recurrence of type 1 diabetes with ensuing hyperglycemia 6 months later. The drop in the exosome signal in this patient temporally correlated with the rise in anti-islet autoantibody titer, when the patient was still normoglycemic and insulin independent ( Figure 6 ). In addition to quantitative analysis of transplant exosome signal, our proposed concept enables detailed characterization of the intra-exosomal proteomic and RNA cargoes. We believe that this will improve the diagnostic accuracy of the proposed platform. In the xenoislet model, we found specific changes in the proteomwith whole plasma analysis of exosomes. In support of this idea, in the xenoislet model total plasma exosome numbers and exosome particle size were unchanged with rejection, but the transplant exosome signal significantly decreased during early rejection (Figure 2) . The high diagnostic accuracy of this platform is further validated by the ability to noninvasively enrich for exosomes containing the cellular constituents of the transplanted human islets in both animal and clinical islet transplant settings. In terms of its time sensitivity, in the xenoislet model we noted that transplant islet exosome profiling is a far more accurate noninvasive platform than glucose monitoring parameters. Future studies investigating changes in the transplant exosome proteomic and RNA cargoes during the early time period of acute rejection will help to further understand its diagnostic accuracy. Also, different changes in N-xeno 2) , are listed. In comparing differences between N-xeno and R-xeno proteomic profiles, only the 50 common proteins in the 2 N-xeno samples were used, with confirmation that they are human derived. (B) RNA gel for TISEs and islet graft is shown, along with the RNA size distribution. TISEs showed higher amounts of small RNAs compared with the islet graft, and the 28S and 18S ribosomal RNA peaks in islet graft (arrow) were not noted in TISEs. FU, fluorescence units. (C) Long RNA profiles of TISEs and islet graft were obtained using Affymetrix Human Gene 2.0 ST Array. TISEs contained low levels of glucagon and somatostatin, but similar levels of insulin and FXYD2, compared with the islet graft. Expression is shown as fold enrichment over the median value for the particular microarray. ate to severe rejection between 6 months and 5 years after heart transplantation, and the specificity of this assay is a concern, as the majority of the gene expression profiles are related to the recipient immune cell response. Similarly, exosome shuttle RNA profiles from bronchoalveolar lavage samples in lung transplant patients have been reported (43) . Recently, cell-free DNA analysis from recipient serum has gained increasing attention (44) (45) (46) (47) (48) , with greater focus on quantitative changes in donor-derived cellfree DNA (ddcfDNA) levels as a biomarker for monitoring moderate or greater rejection. This technique is appealing because it has potential to be universally applied across all transplant organ types, but ddcfDNA represents a very low fraction of the total serum cell-free DNA (0.06%-3.5%) (49) (50) (51) , it can be associated with high background, it may not distinguish among transplant organ rejection types or rejection versus infection, and its accuracy may vary based on patient age. Our proposed idea conceptually includes all the advantages of the above-mentioned biomarker platforms and also may address their associated concerns. Urine exosome analysis in kidney transplant patients demonstrated that transplant exosome analysis can be performed from other bodily fluids. Similar to ddcfDNA analysis, our proposed platform has potential to be universally applied for all transplanted tissues. Also, exosomes have been shown to express DNA fragments inside them (52, 53) . It might be important to know whether transplant exosomes carry donor-derived exosomal DNA as part of their cargo, especially under conditions of transplant rejection versus acceptance. If so, its quantitation may add another level of improved diagnostic accuracy. Our laboratory is currently studying this idea in the xenoislet transplant model over a predictable time course of rejection of transplanted human islets.
In addition to its diagnostic potential, the ability to enrich tissue-specific exosome subsets noninvasively also opens a window into understanding their roles in the crosstalk between the recipient immune system and the donor tissue. Studies investigating changes in transplant exosome and T cell exosome profiles under conditions of tolerance versus acceptance versus rejection in animal models may provide mechanistic insights into transplantation tolerance. Such an understanding may also enable careful titration of immunosuppressive regimen, which would help decrease the risk of infection and malignancy in transplant patients. Therefore, we believe that the described transplant exosome and immune cell exosome platforms may have diagnostic as well as therapeutic implications.
Lastly, another important aspect of our study might be the validation of the accuracy of the donor HLA exosomes for cellular constituents of the transplanted tissue. Given the increasing literature supporting physiologic roles for exosomes in conditions of homeostasis versus disease, our results demonstrating in vivo expression of insulin in islet exosomes suggest a novel mechanism of insulin release by β cells through exosomes, implicating their role in glucose regulation and energy metabolism. This idea is further supported by the finding that distinct microRNAs were upregulated in islet exosomes in the xenoislet model. Although most of these microRNAs are not well studied, miR-122, reported to be liver specific (25) (26) (27) (28) (29) (30) , was highly enriched in transplant exosomes (1,060-fold). miR-122 has pro-insulinogenic effects in hepatocytes by upregulating hepatocyte lipid and cholesterol synthesis, and inhibiting gluconeogenesis. The β cell-specific microRNA miR-375 (23, 24), which inhibits insulin release, was ic and RNA profiles with the onset of clinical rejection (Table 3) . Of the 4 human proteins noted to be different in conditions of acceptance versus rejection, angiopoietin-1 and heat shock protein 71 kDa, which were seen only with acceptance, have both been reported to play important protective roles in islet physiology. Angiopoietin-1 production in islets improves revascularization after transplantation and protects from cytokine-induced apoptosis (37) . With islet rejection, we noted complete absence of angiopoietin-1 and heat shock protein 71 kDa, but found elevated levels of complement C3 and hemopexin ( Figure 5 ). C3 expression on donor tissue has been shown to be necessary for T cell-mediated transplant organ rejection (38) , and elevated hemopexin levels have been seen in donor graft tissue under conditions of rejection (39, 40) . Further, microarray analysis showed differences in RNA cargoes with rejection. There was upregulation of several microRNAs with rejection compared with acceptance; but interestingly, the majority of microRNAs were common under both conditions. These data suggest that transplant islet exosome purification even at low levels of donor HLA signal can be reliably performed, or else one would expect much more variation between the 2 samples. These findings strongly support future investigations of this platform in animal and clinical transplantation models.
We recognize that other noninvasive biomarker platforms have been reported in the context of transplant rejection versus acceptance (41) (42) (43) (44) . Recipient plasma cellular gene expression profiling has been studied to monitor for rejection in heart transplant patients (41) , and currently, the AlloMap (Care Dx, Inc) is the only commercially available noninvasive platform for heart transplant patients. This assay is validated for ruling out moder- differential insulinogenic effects on target tissues and in regulating local paracrine effects in coordinating islet physiology and function. We believe that future in vivo studies exploring β cell exosome biology using the xenoislet model may also provide deeper insights into the physiology of energy metabolism, nutridynamics, and disease states such as diabetes and metabolic syndrome. Further, islet β cellspecific exosome characterization from patient plasma may facilitate development of noninvasive biomarker platforms for detection, markedly downregulated in islet exosomes compared with the islet graft (3,285-fold enriched in islet graft). miR-3613-5p, the most upregulated islet exosome microRNA (1,843-fold) , is predicted to bind targets such as MBNL2, an RNA-binding protein mediating pre-mRNA alternative splicing and expression, including insulin receptor isoforms (35, 54) (www.targetscan.org, www.mirdb.org). Given these data, it is tempting to speculate that highly enriched RNA and protein cargoes in β cell exosomes have physiologic functions in mediating Table 2 ). 120 minutes at 4°C. The pellet was resuspended in PBS and loaded onto a Sepharose 2B size exclusion column, and the eluted fractions representing exosomes were pooled. The pooled fractions were concentrated on an Amicon filter (Merck Millipore Ltd.) with a 100-kDa-cutoff membrane. NanoSight exosome analysis. Exosomes were analyzed on the NanoSight NS300 (405 nm laser diode) on the light scatter mode for quantification and scatter distribution according to the manufacturer's protocols (Malvern Instruments Inc.). Before each experimental run, the machine was calibrated for nanoparticle size and quantity using standardized nanoparticle dilutions provided by the manufacturer. Surface marker detection on exosomes was performed using the fluorescence mode on the NanoSight NS300. Secondary antibodies conjugated to quantum dots with emission at 605 nm were used for fluorescence detection against specific surface proteins as described previously (57, 58) . Each experimental run was performed in duplicate, and the appropriate IgG isotype control fluorescence was performed to assess background. In each panel, the nanoparticle size distribution curve represented by particle size (nanometers) (x axis) and the relative concentration of a nanoparticle (10 6 per milliliter) (y axis) of particular size are shown, with the cumulative percentage of nanoparticles at a certain size cutoff (secondary y axis). The panels shown in the figures are graphical readouts produced by the NanoSight program, NTA 2.3, where the software generated panels with a dynamic y axis for exosome concentration. Therefore, the height of the y axis is automatically normalized by the program to produce graphs of the same height. For this reason, the area under the nanoparticle curve looks very similar for scatter and fluorescent modes. For this reason, we chose to include in each panel the overall particle concentration as listed on the PDF file generated by the NanoSight software. The number of tracks in scatter mode is an important consideration before interpretation of the data because the NanoSight machine actually tracks each individual particle as it flows across the video screen that tracks the particle. For a reliable scatter and especially fluorescence analysis, it is important that the machine reliably tracks at least 150-200 particles per sample in the scatter mode. Further, the size distribution curve of the tracked particles is important because it is critical that the nanoparticles displayed in the panel are not just protein aggregates but show a size distribution pattern consistent with microvesicles, especially exosomes (30-200 nm range primarily). Similar evaluation of the fluorescence mode panels is important to confirm that the nanoparticles displayed are not quantum dot aggregates. In this context, it is helpful to have a dynamic y axis that shows particle size distribution, because if the y axis is kept as an absolute scale, then for fluorescence of exosomes in low relative quantities it would make size distribution analysis difficult and may lead to false positives. For these reasons, also written in text inside each panel are the total particles detected (10 8 per milliliter) and the number of particles reliably tracked by NanoSight (Tracks) for each sample. For light scatter mode this represents the total number of nanoparticles, and for fluorescence mode this represents the number of nanoparticles with detected fluorescence signal for the particular antibody used. For every experiment, we attempted to analyze only samples where more than 200 nanoparticles were reliably tracked on the light scatter mode by the NanoSight detector. HLA-specific exosome signal was quantified as follows:
monitoring, and prognostication of functional β cell mass in diseases such as metabolic syndrome and types 1 and 2 diabetes. Therefore, a transplant tissue-specific exosome platform might have applications in understanding the role of exosomes in other fields using xenograft/ allograft models, such as cancer biology and stem cell biology.
In conclusion, we demonstrate that transplant tissue-specific exosome characterization can be successfully performed from recipient plasma/bodily fluids. Transplant exosome quantity and intra-exosomal cargo reflect immune condition-specific changes to the transplant tissue. We have shown the translational potential of this platform in the clinical settings of human allogeneic islet and renal transplantation. These findings warrant further detailed investigations into the diagnostic potential of the transplant tissue exosome platform.
Methods
Xenoislet transplantation-related procedures and post-transplant monitoring methods are described in Supplemental Methods.
Human plasma and urine sample analysis. University of Pennsylvania Institutional Review Board approval was obtained for collection and analysis of human plasma and urine samples. Informed patient consent was obtained in each case. For each time point, 0.25-1 ml of plasma was obtained through venipuncture and stored at -80°C. Urine samples (40 ml) were collected in sterile cups, treated with 1′ protease inhibitor cocktail (Sigma-Aldrich), and frozen at -80°C for later analysis. Human islet transplant patient samples were provided through the NIH Beta Cell Consortium (Bethesda, Maryland, USA).
Human pancreatic islet isolation and islet transplantation. Human pancreas was processed for islet isolation, and high-purity (>80%) islets were used for xenoislet transplantation. Islet isolation was performed by the cGMP Islet Isolation Laboratory at the University of Pennsylvania in accordance with approved Institutional Review Board protocols. Islets were cultured in CMRL media supplemented with albumin, without any exogenous exosome contamination. Islet culture supernatant (20 ml) was obtained 24-72 hours after isolation for exosome analysis. Clinical islet transplantation was performed at the Hospital of the University of Pennsylvania under Clinical Islet Transplantation (CIT) Consortium protocols CIT07 (Islet alone; ClinicalTrials.gov NCT00434811) and CIT06 (Islet-after-kidney; ClinicalTrials.gov NCT00468117).
Antibodies. All antibodies were commercially available. A table of antibodies used is given in Supplemental Methods.
Exosome isolation. Exosomes were isolated from human islet culture supernatants by size exclusion limit gel chromatography along with ultracentrifugation. Briefly, 10 ml culture supernatant was centrifuged at 500 g for 10 minutes, and supernatant was then passed through a Sepharose 2B column (Sigma-Aldrich) and the eluent was collected in 1-ml fractions. The exosome fraction was pooled after monitoring of absorbance at 280 nm. The pooled fraction was filtered through a 100-kDa-cutoff membrane and then ultracentrifuged at 120,000 g for 4 hours at 4°C. The pelleted exosome fraction was resuspended in PBS for downstream analysis. Mouse and human plasma exosome isolation was performed using 200 μl to 1 ml plasma obtained after centrifugation of the blood sample at 500 g for 10 minutes. Plasma sample was directly added to the column for exosome isolation as described above.
Urinary exosome isolation was performed as described elsewhere with slight modification (55, 56) . Briefly, sample was centrifuged at 17,000 g for 15 minutes. The supernatant was ultracentrifuged at 200,000 g for jci.org Volume 127 Number 4 April 2017
and digested with trypsin, analyzed with nano-Ultraperformance liquid chromatography -tandem mass spectrometry on the Orbitrap Elite hybrid mass spectrometer (Thermo Fisher Scientific) at the Penn Proteomic Core, University of Pennsylvania. The data were analyzed with PD/Scaffold software package to search human protein databases, with the following cutoffs: peptide confidence value less than 95% and protein confidence value less than 99%. Total spectrum count values as displayed by the software program were used for quantitation.
Statistics. Kolmogorov-Smirnov test was used to characterize distribution. Statistical significance for parametric data was assessed by unpaired Student's t test (2-tailed) for continuous variables with 2 groups and ANOVA with post hoc Tukey test for pairwise comparison of subgroups for continuous variable with more than 2 groups (equal variance assumed). The Pearson's χ 2 test was used for categorical variables. All reported P values are 2-sided and are considered statistically significant if below 0.05. For receiver operating characteristic (ROC) curve, the true-positive rate (sensitivity) was plotted against the false-positive rate (specificity) to illustrate performance of a binary classifying system (rejection versus nonrejection). A threshold was determined using the Youden index, and sensitivity and specificity were calculated. ROC curves were compared using the method of Delong et al. (59) . General statistics were assessed using SPSS version 23 (Armonk), and scatter plots were constructed using Prism version 7.0 (GraphPad). Sample size calculations were done using G Power version 3.1 (University of Düsseldorf, Düsseldorf, Germany). Area-proportional Venn diagrams were calculated and drawn using the BioVenn web application (http://www.cmbi.ru.nl/cdd/biovenn). Study approval. Animal studies and analysis of human plasma and urine samples were approved by the University of Pennsylvania Institutional Review Board. Subjects provided informed consent prior to participation in the study. Analysis of plasma samples from islet transplant patients was approved by the NIH Beta Cell Consortium (Bethesda, Maryland, USA).
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